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ABSTRACT
Intercropping can improve crop productivity through increased water use efficiency (WUE). However, limited information 
exists to support its adoption and subsequent management. In such instances, crop models can be used as decision support 
tools to complement data from field trials. The Agricultural Production Systems Simulator Model (APSIM) was used to 
develop best management practices for improved yield and WUE for a sorghum–cowpea intercrop system for 5 sites in 
KwaZulu-Natal, South Africa: Richards Bay, Umbumbulu, Deepdale, Wartburg and Ukulinga. Each site represented 1 of 5 
different bio-resource units. Planting dates (trigger season climate method, modelling and fixed date approaches), fertilizer 
rates (0, 50 and 100% recommended N rate), plant population (50% less and 50% more, for either sorghum or cowpea) and 
irrigation (deficit irrigation and rainfall-based approaches) were considered. In Deepdale, planting dates generated by the 
model gave high (952.2±85 and 326.3±68 kg∙ha-1) and stable yields for sorghum and cowpea, respectively. Adding 100% 
fertilizer improved both yield and WUE of the intercrop by 18.5 and 5.1%, respectively, in Umbumbulu and Wartburg. 
Across all environments, sorghum and cowpea plant populations of 39 000 and 13 000 plants∙ha-1, respectively, increased 
yield (26.11%) and WUE (15.54%) of the intercrop system. Deficit irrigation was more effective resulting in yield (12.84%) 
and WUE (11.09%) improvements. It is concluded that APSIM can be used to develop best management practices to assist in 
developing guidelines for improving productivity of intercrop systems under water-scarce conditions.
Keywords: best management practices, yield, water use efficiency
INTRODUCTION 
Despite moderate progress in yield improvements, crop 
productivity in rainfed rural agricultural systems remains 
low and cannot provide food security for current and future 
demands (Dile et al., 2013; Vanlauwe et al., 2014). Besides 
socio-economic and bio-physical conditions, it has been 
observed that climate change and variability has resulted in a 
shift and change in duration of growing seasons, and increased 
incidences of seasonal dry spells and drought (Rosegrant et al., 
2014). This has directly reduced agricultural water resources 
with an increase in water-scarce areas, and with formerly 
water-scarce regions becoming water stressed (Schilling et al., 
2012). Given this scenario, farmers may not be equipped with 
the necessary risk management skills to adapt to the effects of 
climate change and variability (Venkateswarlu and Shanker, 
2009). This is highlighted by continued water stress–related 
production losses. Researchers have, therefore, been tasked 
with coming up with relevant, innovative and practical adap-
tation strategies that are sustainable and resilient under water 
scarcity and stress.
There is renewed focus on restoration of sustainable and 
productive farming systems that are modelled on natural eco-
systems (Mbow et al., 2014), and that can produce more from 
available water – ‘more crop per drop’ (Molden et al., 2010). 
As it stands, research has shown that intercropping has the 
potential to improve overall productivity through efficient and 
complementary use of water (Kour et al., 2013). The practice of 
intercropping is not new, but its advantages have not been fully 
exploited by rural farmers as a means to improve productivity, 
especially under water-limited conditions (Ouda et al., 2007). 
According to Chimonyo et al. (2015), this could be attributed 
to poor management options. 
Decision making is core in farm management and has been 
the focus of numerous studies dealing with risk aversion and 
adaptation in resource-limited rainfed farming systems (Jat 
and Satyanarayana, 2013; Lehmann et al., 2013; Mbow et al., 
2014). According to Graeff et al. (2012), information to guide 
best management practices is widely available. However, the 
challenge for a farmer is to determine how to use the informa-
tion with respect to the type of management decisions to be 
made and the current risk. Therefore, farmers need an efficient, 
relevant and accurate way to evaluate data for specific manage-
ment decisions. To improve farmers’ capacity to make the best 
management decisions, robust management tools such as crop 
simulation models (CSM) are now being employed to generate 
quick and relevant information to aid in decision making. 
Crop simulation models are computerised mathematical 
representations of crop growth, development and production, 
as a function of weather and soil conditions, and manage-
ment practices that can reliably determine ‘what if ’ and ‘when’ 
scenarios across diverse cropping system. Crop simulation 
models like APSIM (McCown et al., 1996) can assist in deter-
mining best management options at an operational and tacti-
cal level in response to low water availability. The objective of 
the study was, therefore, to apply a well-calibrated version of 
APSIM for a sorghum–cowpea intercrop to assess different 
management scenarios for selected areas in KwaZulu-Natal 
and thereby to define best management practices. Secondary to 
this, the model was used to identify best management practices 
to improve water use efficiency for sorghum–cowpea intercrop 
systems. The latter was achieved through scenario analyses 
based on a 10-year simulation period. 
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MATERIAL AND METHODS
Description of selected environments
KwaZulu-Natal, South Africa, has a diverse agro-ecological 
zone with 590 bio-resource units (BRUs) (Camp, 1999). 
Five sites located in five different BRUs in KwaZulu-Natal 
(Deepdale, Richards Bay, Umbumbulu, Ukulinga and 
Wartburg) were used in this analysis (Table 1). Richards Bay 
was considered as a low potential environment even though 
there is high annual rainfall (820–1 423 mm; Table 1). The 
location is characterised by sandy soils which are generally 
considered as having low agricultural potential. Ukulinga 
and Deepdale were considered as moderate potential environ-
ments based on the annual rainfall received of 650–850 mm 
(Table 1). Umbumbulu and Wartburg were considered as high 
potential environments since they received high annual rainfall 
(800–1 200 mm) and have clayey soils. In contrast to sandy 
soils, clayey soils retain more water and nutrients (Table 1). 
Model calibration and testing
The calibration and testing of the APSIM were carried out using 
data obtained from field experiments conducted during the 
2013/14 and 2014/15 growing seasons of a sorghum–cowpea 
intercrop established at the University of KwaZulu-Natal’s 
Ukulinga Research Farm. Sub-plots comprised intercrop 
combinations, that is, sole sorghum, sole cowpea and sorghum–
cowpea. For details of field experimental output refer to Chimonyo 
et al. (2016). During model testing, the APSIM was able to simulate 
growth, yield, water use and water use efficiency of sorghum–
cowpea across different water regimes. Slight differences were 
observed between observed and simulated results for sorghum–
cowpea intercrop system for biomass accumulation (2.1%), water 
use (2.6%) and water use efficiency (4.6%). 
Simulation 
Simulations were performed using APSIM version 7.7. Details 
of model simulations are described below.
Climate 
For each site, 10-year (2004–2013) weather data that contained 
daily estimates of rainfall, minimum and maximum tempera-
tures, solar radiation and reference evapotranspiration were 
sourced from the SASRI weather site (SASRI, 2015) using the 
nearest station to the location, except for Ukulinga where there 
was a weather station on site (Table 1). Average ambient tem-
perature (TAV) and the annual amplitude in monthly tempera-
ture (AMP) were calculated using long-term daily minimum 
and maximum temperatures. The calculated values of TAV and 
AMP were inserted in the met files by the software program 
named ‘tav_amp’. 
Soil
The soil modules in APSIM are based on the international 
and African classification format. The APSIM soil module 
required soil properties such as bulk density (BD), total poros-
ity, saturation (SAT), drained upper limit (DUL), crop lower 
limit (LL), plant available water capacity (PAWC) and pH to 
simulate yields and soil water related processes. 
For each agro-ecological zone, available soil information 
was matched to pre-existing soils in the APSIM soil module. 
Soils at Ukulinga were described as shallow clayey to clayey 
loam with medium fertility (Mabhaudhi et al., 2013), which 
was matched with Clay_Shallow_MF_101mm (Table 2) in the 
APSIM soil file. Soils from Richards Bay were described as rel-
atively deep and sandy with low fertility (Motsa et al., 2015), 
and were matched to Sandy_Medium_LF_111 mm (Table 3) in 
the APSIM soil file. Soils in Umbumbulu and Deepdale were 
similar and were described as relatively deep and clayey with 
medium fertility (Motsa, 2015; Table 4), and were matched 
with Clay_Medium_MF_171 mm in the APSIM soil file. Soils 
in Wartburg were described as relatively deep and clay loam–
loamy with medium fertility (Chibarabada, 2015; Table 5), 
and were matched with Loam_Medium_MF_125mm in the 
APSIM soil file.
TABLE 1
Climate and soil description of sites to be included in the simulation
Deepdale* Richards Bay* Umbumbulu* Ukulinga** Wartburg**
Geographical 
location 28°01’S; 28°99’E 28°19’S; 32°06E 29°98’S; 30°70’E 29°37’S; 30°16’E 29°42’ S; 30°57’ E
Altitude (m asl) 998 30 632 775 880
Bio-resource unit Coast hinterland thornveld
Moist coast forest, 
thorn and palmveld






Annual rainfall 750–850 mm 820–1 423 mm 800–1 160 mm 644–838 mm 900–1 200 mm
Average temperature 18.4°C 22°C 17.9°C 18.4°C 20°C
Frost occurrence Moderate None Light and occasional Moderate occasional Light and occasional
Soil texture class Clay Sand Clay Clay Clay loam
Clay content 53% < 5% > 60% < 29% < 33%
Soil type Jonkersberg (Jb) Inhoek (Ik) Hutton (Hu) Chromic luvisols Chromic luvisols
Field capacity (%) 45.22 10.91 45.13 46.32 39.36
Permanent wilting 
point (%) 34.71 6.22 34.53 23.03 23.36
Saturation (%) 50.36 47.11 51.20 46.73 50.36
Adapted from *Motsa et al. (2015) and **Modi et al. (2014)
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TABLE 2
Properties of the African (generic) soil series available in APSIM’s soil module which best describe soil water properties in 
Ukulinga (the effective root zone for crops was considered to be 0–60 cm)
Depth (cm) Bulk density (g∙cm-3) Air dry1 (mm∙mm-1) LL152 (mm∙mm-1) DUL3 (mm∙mm-1) SAT4(mm∙mm-1)
0–10 1.200 0.210 0.210 0.390 0.440
10–30 1.200 0.230 0.230 0.410 0.467
30–60 1.200 0.260 0.260 0.415 0.467
1 Air dry – hygroscopic soil water content
2 Crop lower limit (LL15) – Permanent wilting point (PWP); lower limit of the available soil water range and a point when plants have removed all of 
the available water from a given soil, wilt and will not recover
3 Drained upper limit (DUL) – field capacity (FC); amount of water remaining in a soil after the soil has been saturated and allowed to drain for approx. 24 h
4 Saturation (SAT) – all pores in a soil are filled with water
TABLE 3
Properties of the African (generic) soil series available in APSIM’s soil module which best describe soil water properties in 
Richards Bay (the effective root zone for crops was considered to be 0–120 cm)
Depth (cm) Bulk density (g∙cm-3) Air dry1 (mm∙mm-1) LL152 (mm∙mm-1) DUL3 (mm∙mm-1) SAT4 (mm∙mm-1)
0–10 1.600 0.060 0.060 0.165 0.360
10–30 1.600 0.070 0.070 0.170 0.365
30–60 1.600 0.090 0.090 0.172 0.370
60–90 1.600 0.110 0.110 0.175 0.370
90–120 1.600 0.130 0.130 0.180 0.370
1, 2, 3, 4 Refer to Table 2 footnote for descriptions
TABLE 4
Properties of the African (generic) soil series available in APSIM’s soil module which best describe soil water properties in 
Umbumbulu and Deepdale (the effective root zone for crops was considered to be 0–120 cm)
Depth (cm) Bulk density (g∙cm-3) Air dry1 (mm∙mm-1) LL152  (mm∙mm-1) DUL3 (mm∙mm-1) SAT4 (mm∙mm-1)
0–10 1.200 0.210 0.210 0.390 0.440
10–30 1.200 0.230 0.230 0.410 0.467
30–60 1.200 0.260 0.260 0.415 0.467
60–90 1.200 0.290 0.290 0.420 0.470
90–120 1.200 0.320 0.320 0.425 0.475
1, 2, 3, 4 Refer to Table 2 footnote for descriptions
TABLE 5
Properties of the African (generic) soil series available in APSIM’s soil module which best describe soil water properties in 
Wartburg (the effective root zone for crops was considered to be 0–120 cm)
Depth (cm) Bulk density (g∙cm-3) Air dry1 (mm∙mm-1) LL152 (mm∙mm-1) DUL3 (mm∙mm-1) SAT4 (mm∙mm-1)
0–10 1.400 0.170 0.170 0.301 0.400
10–30 1.400 0.180 0.180 0.310 0.410
30–60 1.400 0.190 0.190 0.310 0.420
60–90 1.400 0.215 0.215 0.315 0.430
90–120 1.400 0.250 0.250 0.317 0.440
1, 2, 3, 4 Refer to Table 2 footnote for description.
Scenario analyses
Four management options were used to develop scenarios used 
as a guide for recommending best management practices in 
KwaZulu-Natal. The scenarios were:
Scenario 1: Planting dates
Three approaches (trigger season climate method, modelling 
and fixed date approaches) were used to establish the planting 
dates. The trigger season method is used to determine the onset 
and length of a growing season from long-term weather data 
and thus can be used to determine planting dates (Hartkamp et 
al., 2001). For this method, the onset of the season is assumed 
to be when the ratio of sum total of monthly rainfall and refer-
ence evapotranspiration (ETo) becomes greater than 0.5. 
 Rainfall  ________________________  Reference evapotranspiration ≥ 0.5 (1)
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By plotting long-term monthly averages of rainfall, ETo and 
0.5 ETo, the onset of a growing season can be determined by 
observing where rainfall exceeds 0.5 ETo.
Rainfall ≥ 0.5 reference evapotranspiration (2)
An advantage to this approach is that it is site specific if 
weather data are available. On the other hand, a major limita-
tion towards practical application of this method would be 
that farmers and extension service providers may not always 
have access to long-term weather data, specifically ETo, from 
weather stations. For this exercise, planting dates, as defined 
by the onset of the growing season, were established based 
on 10-year monthly averages of rainfall, ETo and 0.5 ETo. For 
Ukulinga, Deepdale and Richardss Bay, trigger season occurred 
on 1 October while it occurred on 1 and 15 September for 
Umbumbulu and Wartburg, respectively (Fig. 1).
The current planting dates in use by farmers are those 
recommended by agricultural agencies and extension service 
providers (Van Averbeke, 2002). These tend to be broad and do 
not accommodate large variation in agro-ecologies and their 
constantly shifting boundaries within sub-Saharan Africa 
As it is, South Africa exhibits a wide variation of BRUs. Due 
to climate change and variability this variation has increased 
and there is an observed increase in land under semi-arid and 
arid regions since 2000 (Cairns et al., 2013). There was need to 
redefine planting dates, in terms of fixed dates, as this approach 
is much easier for farmers to work with. Five planting dates, 
15 September, 15 October, 15 November, 15 December and 15 
January were then used for the simulation representing early to 
late planting.
As a management tool, most CSMs are able to generate 
planting dates from climate and soil data. This is done based 
on predefined criteria that take into account amount of rain-
fall, days taken to achieve that quantity, and soil water content 
within the seedling zone. The main advantage of using CSMs 
is that they are fast and reliable. They can also be site-specific, 
thus improving the accuracy of recommendations, or scaled 
up to give general assessment on a regional scale. For each site, 
APSIM was used to generate planting dates using a user-defined 
criterion of ‘sum of rainfall in a 10-day period where at least a 
cumulative amount of 20 mm is received’ (Raes et al., 2004). In 
addition, a fixed soil water content of 80% of field capacity of 
the top 15 cm was considered. The criteria set reflected planting 
conditions often used by farmers in semi-arid regions where 
planting is often done after the onset of the rainy season. Across 
the years, frequencies of planting dates falling in similar months 
were observed and mean planting date for that month was cal-
culated. For evaluating crop yield and WUE, planting dates with 
the highest frequency of appearance within the 10-year weather 
data set were used for scenario analysis (Table 6).
Figure 1
Determination of start and end of growing season for Deepdale, Richards Bay, Umbumbulu, Ukulinga and Wartburg using monthly average data over 
10 years (2004–2013) for rainfall, reference evapotranspiration (ETo) and 0.5 ETo. The onset of a growing season (a) is when rainfall exceeds 0.5 ETo. The 
period between a and b, is the length of the growing season. The end of the growing season (b) is marked by the decline of the rainfall to values below 0.5 ETo.
TABLE 6
Model generated planting dates for the agro-ecological 
zones (Wartburg, Deepdale, Richards Bay, Umbumbulu, 
and Ukulinga) used in this study
Site Mean planting date (Julian day)
Frequency  
(out of 10 years)
Standard  
deviation (+/-)1
Wartburg 21 January 10 8.12
Umbumbulu 16 January 7 7.00
Ukulinga 15 January 6 7.18
Richards Bay 18 November 10 5.7
Deepdale 21 November 6 5.1
1 Standard deviation (days) of mean planting date generated by the model
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Scenario 2: Fertilizer application rates and time of 
application
Sorghum requires about 85 kg∙ha-1 N to achieve a tonnage of  
2 – 3.5 t∙ha-1 (Wylie, 2004). Sorghum grain yields in SSA are 
approx. 900 kg∙ha-1 on average, compared to the world average of 
1 500 kg∙ha-1 (Olembo et al., 2010). Increasing the yield to meet 
and/or surpass world averages would be desirable to improve 
access and availability of food. However, a major limiting fac-
tor is fertilizer use and accurate recommendations (Bationo, 
2007). Based on recommendations by Wylie (2004), fertilizer 
levels representative of 0, 50 and 100% of the recommended N 
for optimum sorghum production were used for model scenario 
analyses. The range provided a scenario whereby farmers do not 
have access to fertilizers (0%), have some fertilizer (50%) or have 
100% of the recommended N requirements.
Scenario 3: Plant populations
To determine the optimum plant population for the component 
crops for each site, simulations were performed using plant 
populations that were 50% less and 50% more than the recom-
mended plant population. Under semi-arid conditions, a plant 
population of 26 666 plants∙ha-1 is recommended for sorghum 
(du Plessis, 2008). For cowpea, an optimum plant population 
of 13 000 plants∙ha-1 was used. These have been observed to 
give the best productivity in terms of land equivalent ratio of 
intercrop systems (Oseni, 2010). Simulations were carried out 
by maintaining the recommended plant population of one 
component and changing the other resulting in a total number 
of 10 simulations:
•	 Sorghum with a fixed population of 26 000 plants∙ha-1 inter-
cropped with cowpea with populations of 6 500 (A1), and 
19 500 (A2) plants∙ha-1
•	 Sorghum with varying populations of 13 000 (B1), and 39 
000 (B2) plants∙ha-1 intercropped with cowpea with a fixed 
population of 13 000 plants∙ha-1
•	 The baseline population (C1) used to compare changes in 
yield and WUE was a sorghum and cowpea plant popula-
tion of 26 000 and 13 000 plants∙ha-1, respectively.
Scenario 4: Irrigation 
To reduce the yield gap that often occurs in rainfed farm-
ing systems due to water stress, supplementary irrigation was 
included as a management option. Two approaches were used, 
namely, deficit irrigation and rainfall-based approaches. Deficit 
irrigation (DI) is a method whereby irrigation is applied below 
full crop water requirement in such a way that there is little 
yield reduction and water is saved (Upchurch et al., 2005). 
Types of DI include (i) withholding irrigation until a prede-
fined allowable soil water depletion of plant available water 
(PAW) before refilling the soil back to a predefined PAW, (ii) 
PAW is maintained at a predetermined level below full crop 
water requirement, and (iii) irrigation is only applied at full 
crop water requirements at critical growth stages (Fereres and 
Soriano, 2006). For this scenario, the first method for DI was 
used and allowable soil water depletion of 40% of PAW was 
defined before irrigation refilled it back to 80% of PAW. This 
ensured that soil water content never reached levels that could 
cause water or aeration stress to the plant. 
In semi-arid conditions, rainfall distribution is an impor-
tant factor affecting crop productivity. To manage this, 
supplementary irrigation during periods of low or no rain-
fall can reduce crop water stress and improve productivity. 
Irrigation scheduling was based on weekly rainfall where the 
conditions were that if rainfall received over 7 days was less 
than recorded ETo for the same period, the difference would 
be applied as supplementary irrigation. This ensured that crop 
water requirement was met and that the crop did not suffer 
from water stress.
Data analyses and evaluation
Within the model, WU was determined as the sum of crop 
water uptake from the whole profile (sorghum Ep + cowpea Ep) 
and soil evaporation (Es). Each scenario was run independently 
from the other to minimise interactive effects of the scenarios. 
Since APSIM does not calculate WUE directly, simulated 
outputs (WU, yield and biomass) were used to determine WUE 
as follows:
WUEy =  Y ___ WU (3)
where: WUEy = water use efficiency (kg∙mm-1∙ha-1), Y = total 
grain yield (sorghum + cowpea) (kg∙ha-1), and WU = the crop 
water use (WU) (mm).
Descriptive statistics such as means, standard deviations, 
and box-and-whisker plots were used to analyse outputs. Box-
and-whisker plots can show stability and general distribution of 
the sets of data. 
RESULTS AND DISCUSSION
Scenario 1: Planting dates
Different scenarios for planting dates gave different mean 
yields and mean yield distribution for sorghum and cowpea 
across the five environments over the simulated years. Based 
on the observed results, simulated average yields for sor-
ghum at Richards Bay, Umbumbulu, Deepdale, Wartburg and 
Ukulinga were 952.7 (±185.42), 987.5 (±149.37), 820.5 (±122.99), 
879.6 (±231.97) and 935.8 kg∙ha-1 (±122.19), respectively. Yield 
averages for cowpea were 281.0 (±86.39), 355.9 (±153.24), 
139.6 (±55.69), 260.1 (±153.36) and 321.7 kg∙ha-1 (±110.58), 
respectively. Low yields observed for Deepdale for both sorghum 
and cowpeas could be due to the overall low rainfall at this site 
(see Appendix 1), while high yields observed for Umbumbulu, 
Richards Bay and Ukulinga were attributed to high rainfall 
received at these sites. Observed yields of sorghum were consis-
tent with regional yield averages of 900 kg∙ha-1 (Olembo et al., 
2010). On the other hand, yields of cowpea were lower than those 
found by Ajeigbe et al. (2010) and Oseni (2010) who obtained 
yields between 400 and 900 kg∙ha-1 under sorghum–cowpea 
intercropping. It should be noted that the differences in cowpea 
yield could be attributed to plant populations that were higher 
relative to current simulation studies. This would suggest that 
yields of cowpea within the intercrop system are influenced by 
population density. 
The ideal planting date is a scenario where overall yields 
are high and there is less variation over time (Kucharik, 2008). 
The ideal planting date for sorghum and cowpea at Richards 
Bay was that which was generated by the model (18 Novermber) 
and this yielded an average of 1 050.7 kg∙ha-1 (±45.57) for 
sorghum and 355.6 kg∙ha-1 (±50.57) for cowpea. Similarly, the 
model generated planting date for Deepdale (21 November) and 
Ukulinga (15 January) simulated high yields for both sorghum 
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(959.8±88.81 kg∙ha-1 and 995.9±87.81 kg∙ha-1, respectively) and 
cowpea (160.6±38.57 kg∙ha-1 and 156.5±42.63 kg∙ha-1,  
respectively) (Fig. 2). For Umbumbulu, and Wartburg plant-
ing dates that gave high and stable yields for sorghum 
(970.8±106.32 kg∙ha-1 and 1 037.2±68.78 kg∙ha-1, respectively) 
were observed by using a fixed planting date (15 October). The 
fixed planting dates did not always give high yields for cowpea, 
but results show yield stability as indicated by low standard 
deviations relative to other planting dates (426.2±134.94 kg∙ha-1, 
332.8±115.08 kg∙ha-1, 347.4±97.76 kg∙ha-1, respectively). 
Sandy soils at Richards Bay are characterized as having 
low water-holding capacity due to large pore spaces between 
soil particles, such that water easily succumbs to drainage. 
Sandy soils require frequent wetting intervals so as to maintain 
desired soil water content (SWC) for seed germination, espe-
cially at the root zone. On the other hand, clayey soils like those 
at Deepdale require high amounts of rainfall to make water 
available for plants. Therefore, low rainfall during the early 
months of the official growing season may not be adequate for 
desired SWC at planting. 
For low potential environments like Richards bay and 
Deepdale, using model-generated planting dates can avoid false 
starts to planting, that is, planting dates that do not have all 
the requirements for ideal planting conditions. Fixed planting 
dates for Umbumbulu, Ukulinga and Wartburg were within the 
official planting window (15 Oct–15 Dec) for sorghum across 
the KwaZulu-Natal region (ARC, 2010). During this period 
rainfall amount was observed to be high with an average of 95 
mm∙month-1 (see Appendix 1, Table A1) and evenly distributed. 
SWC is sufficient for seed germination and thereafter to sustain 
growth of developing seedings. 
In low rainfall areas (Deepdale and Wartburg), an early 
planting date (15 September) improved WUE (8.29% and 
14.52%, respectively) for the intercrop system relative to 
planting dates that produced high yield. Under low-rainfall 
conditions it could be that temporal use of radiation by the 
cropping system was increased resulting in an increase in bio-
mass production and yield. Conversely, in high-rainfall areas 
(Ukulinga, Richards Bay and Umbumbulu), late planting dates 
(15 January) resulted in improvements of WUE (19.11%, 15.15% 
and 10.82%, respectively) relative to planting dates where high 
yields were observed. Improvements in WUE in high-rainfall 
environments was associated with low water use while yield 
remained unchanged (Table 7). Based on the model output, 
less water was lost through unproductive means (soil evapora-
tion, runoff and drainage) relative to planting dates where high 
yields were observed. Although late planting was observed to 
improve WUE based on rainfall received during the growth 
period, including the whole season’s rainfall in the calculation 
substantially reduced WUE. To increase temporal use of water, 
double cropping with early maturing cultivars of sorghum and 
cowpea can be employed. In the context of the sorghum–cow-
pea intercrop system, double cropping would be growing the 
cropping system twice in the same season in a relay manner.
Scenario 2: Fertilizer application rate
Long-term simulation showed that overall yields were improved 
with the use of fertilizer (Table 8). The observed results were 
attributed more to an increase in sorghum yields than cow-
pea yields. Overall, adding 85 kg∙ha-1 N had a more positive 
effect (12.7%) on sorghum yield than when 42.5 kg∙ha-1 N was 
applied (5.7%). Results of simulations show that sorghum 
yields at Wartburg, Umbumbulu and Ukulinga were more 
responsive to fertilizer application (Table 8) when compared to 
Richards Bay and Deepdale. This was attributed to high rainfall 
Figure 2
Simulated yield response of sorghum–cowpea intercrop system across the five environments (Richards Bay, Umbumbulu, Deepdale, Wartburg and 
Ukulinga) for different planting date scenarios. A: site-specific planting date defined by trigger season method. B1–5: fixed planting dates starting from 
(B1) 15 Sept, (B2) 15 Oct, (B3) 15 Nov, (B4) 15 Dec, (B5) 15 Jan, respectively. C: planting dates generated by APSIM.
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amounts received at Wartburg, Umbumbulu and Ukulinga. 
The observed low responses to fertilization at Richards Bay and 
Deepdale were due to the fact that plants absorb less nitrogen 
when soil water content is low. Adding high levels of fertilizer 
at Deepdale without improving water availability would not 
necessarily improve yields but rather could reduce the system’s 
N use efficiency. On the other hand, the low improvements in 
sorghum yield in Richards Bay could be attributed to leaching 
during rainfall events. Richards Bay is characterised by sandy 
soils which are generally associated with leaching. To improve 
fertilizer response of sorghum in environments with sandy 
soils, split applications and timing of application to coincide 
with specific growth stages should be considered.
Overall, adding 85 kg∙ha-1 N had a more positive (5.08%) 
effect on WUE for the intercrop system than when 42.5 kg∙ha-1 
N was applied (3.43%). Improvements in WUE could have been 
attributed to increase in yield in response to fertilizer applica-
tion. Improving soil fertility improves water use by increasing 
photosynthetic capacity of the leaf through improved enzyme 
function and enhanced carbon dioxide assimilation (Deng et 
al., 2006). Observed results for the interaction between WUE 
and N fertilizer agree with results by Gan et al. (2010), who 
observed an improvement in WUE with additions of different 
rates of N fertilizer. Under rainfed cropping systems applica-
tion of fertilizer should always be considered as it has been 
observed to improve WUE.
Scenario 3: Plant populations
Results of plant population scenarios showed that different plant 
combinations resulted in different crop yield responses for both 
sorghum and cowpea. In general, changing the plant popula-
tion of cowpea did not have a pronounced effect on sorghum 
(952.63±125.36 kg∙ha-1). It could be that cowpea did not compete 
with sorghum for resources such as radiation and water, and 
would suggest that the plant population of cowpea can still be 
TABLE 7
Comparison of simulated sorghum and cowpea yield, water losses, total water used (WU) and water use efficiency (WUE) in 

























Richards Bay 15 Jan 983.6 296.4 278.22 232.66 31.97 27.15 291.79 4.42 15.15
Umbumbulu 16 Jan 951.1 251.7 314.14 286.26 33.98 21.68 343.11 3.56 10.82
Deepdale 15 Sep 811.5 104.0 246.57 199.47 23.15 32.08 254.71 3.86 8.29
Wartburg 15 Sep 928.2 249.9 259.91 229.15 38.44 25.03 322.62 3.91 14.52
Ukulinga 15 Jan 904.7 196.0 309.17 276.57 29.84 23.58 330.00 3.51 19.11
1 10-year average rainfall received during the growing period
2 Water lost through unproductive ways such as runoff, drainage and soil evaporation
3 Water taken up and transpired by cowpea
4 Water taken up and transpired by sorghum
5 Amount of water used through productive (crop water uptake) and unproductive means (runoff, drainage and soil evaporation)
6 Ratio of yield (kg-ha-1) or crop output per water used to produce the yield
7 WUE improvements relative to WUE obtained from ideal planting dates (21 Nov, 18 Nov, 15 Oct, 15 Oct and 15 Nov for Richards Bay, Umbumbulu, 
Deepdale, Wartburg and Ukulinga, respectively)
TABLE 8
Simulation of yield, water use and water use efficiency and percentage improvements for yield and water use efficiency of 












42.5 kg∙ha-1 N Umbumbulu 1 002.3 296.9 301.79 4.64 5.12 5.14
Ukulinga 915.4 197.5 363.11 3.06 4.56 0.62
Richards Bay 952.5 232.6 259.71 4.63 5.13 4.92
Deepdale 923.5 104.3 312.86 3.28 2.97 2.33
Wartburg 1 023.9 249.4 331.90 3.96 7.91 3.73
85 kg∙ha-1 N Umbumbulu 1 060.3 295.3 306.79 4.69 12.51 6.97
Ukulinga 988.7 196.8 360.11 3.29 15.65 2.74
Richards Bay 1 006.7 295.4 253.71 4.71 7.63 3.52
Deepdale 992.4 103.2 312.86 3.50 3.23 4.26
Wartburg 1 126.82 238.96 321.76 4.24 23.12 7.91
1 Water use efficiency
2 Yield improvements relative to calculated yield simulated under 0 kg∙ha−1 N
3 WUE improvements relative to calculated WUE simulated from simulated crop water use (crop water uptake unproductive, water loss due to soil 
evaporation, drainage and runoff) under 0 kg∙ha−1 N
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water depletion (ASWD) across all the environments (Table 
10). This could be because irrigation based on weekly rainfall 
events increased availability of water, reducing crops expo-
sure to intermittent water stress. Across all environments, it 
was observed that irrigation had a large and positive effect on 
yield for both cowpea and sorghum at Richards Bay while the 
least effects were observed at Wartburg. Soils for Wartburg 
are clay-loam and, according to Kirkham (2005), clay-loam 
soils are good for irrigation since the clay component ensures 
good water-holding properties and the loam component good 
aeration and drainage. In contrast, soils at Richards Bay are 
deep and sandy and these soils are inherently well-drained and 
well-aerated, and have poor water-holding capacity. This often 
translates to significant drainage losses as opposed to the water 
being taken up by the plant. Conversely, the simulation results 
showed that water lost through unproductive means, namely 
drainage, was low. This could have been because rainfall was 
increased further. Conversely, cowpea yield was affected by the 
change in sorghum population (Fig. 3). For all the environments, 
reducing sorghum plant population improved cowpea yield by 
between 5.6 and 35.1%. Although increasing sorghum population 
increased its overall yield, results showed that this had a negative 
effect on simulated cowpea yield (12.63–16.38% reduction, Table 
9). Sorghum was a stronger competitor for resources (radiation 
and water) than cowpea. Increasing the sorghum population 
might have increased the extinction coefficient of the top layer 
canopy and reduced the amount of solar radiation received by 
cowpea, the understorey. To improve yield of cowpea under high 
sorghum population, changing row orientations and arrange-
ments can reduce competition for resources between sorghum 
and cowpea. 
Under the B2 scenario (sorghum and cowpea plant popula-
tions of 39 000 and 13 000 plants∙ha-1, respectively), WUE was 
improved by an overall 10.39% relative to the baseline plant 
population. Improvements of WUE could be related to an 
increase in sorghum yield due to increased plant population. 
It was also observed that WU in Richards Bay (263.23±6.36 
mm), Umbumbulu (336.56±8.51 mm), Deepdale (363.23±5.51 
mm), Wartburg (353.23±4.61 mm), and Ukulinga (314.53±8.36 
mm) was relative to corresponding WU of baseline populations 
across the sites (260.32, 339.25, 359.26, 352.30 and 310.25 mm). 
Increased yield output and unchanged WU thus resulted in an 
increase in WUE. Increasing plant population increases canopy 
size per unit area. This in turn increases water uptake and loss 
through transpiration, relative to that which would have been 
lost through soil evaporation. Under water scarcity, sorghum 
populations can be increased above the baseline population used 
in this study. However, this would not improve nutritional water 
productivity of the system. Maintaining sorghum populations 
and increasing cowpea populations could improve nutritional 
water productivity of sorghum–cowpea intercrop systems.
Scenario 4: Irrigation
Irrigation improved productivity and WUE of the sorghum–
cowpea intercrop system (Table 10). Irrigating at weekly 
intervals based on rainfall analysis simulated higher yields 
(5.63%) relative to irrigation scheduling based on allowable soil 
Figure 3
Simulated mean yield response of sorghum–cowpea intercrop system 
across the five environments (Richards Bay, Umbumbulu, Deepdale, 
Wartburg and Ukulinga) in response to different plant populations 
(A1 – sorghum 26 000 plants∙ha-1 and cowpea 6 500 plants∙ha-1;  
A2 – sorghum 26 000 plants∙ha-1 and cowpea 19 500 plants∙ha-1;  
B1 – sorghum 13 000 plants∙ha-1 and cowpea 13 000 plants∙ha-1;  
B2 – sorghum 26 000 plants∙ha-1 and cowpea 19 500 plants∙ha-1 and  
C1 – sorghum 39 000 plants∙ha-1 and cowpea 13 000 plants∙ha-1)
TABLE 9
Comparison of simulated sorghum and cowpea yield, water losses, total water used (WU) and water use efficiency (WUE) in 
























Richards Bay 228.1 1 271.0 302.00 260.40 39.96 39.96 340.32 4.79 7.84
Umbumbulu 318.4 1 390.9 456.97 391.02 45.89 33.55 470.47 3.75 3.10
Deepdale 144.5 1 203.2 284.14 225.88 34.52 49.49 309.89 4.45 13.29
Wartburg 375.3 1 323.2 569.95 475.31 64.83 39.01 579.15 3.41 4.68
Ukulinga 1 453.8 360.3 421.03 322.92 37.83 37.83 404.78 4.61 23.81
1 Water lost through unproductive ways such as runoff, drainage and soil evaporation
2 Water taken up and transpired by cowpea
3 Water taken up and transpired by sorghum
4 Amount of water used through productive (crop water uptake) and unproductive means (runoff, drainage and soil evaporation)
5 Ratio of yield (kg-ha-1) or crop output per water used to produce the yield
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low but evenly distributed during the growth period. This 
meant that soil water was more available within the root zone 
and less was lost through unproductive means (Table 10). 
Scheduling irrigation based on weekly rainfall events can result 
in wasteful use of water by over-application of water relative 
to crop water requirements. This was quite evident with high 
amounts of water lost through unproductive means (Table 10). 
Overall irrigation reduced WUE of the intercrop system 
relative to rainfed conditions. This could be attributed to high 
amounts of water lost through unproductive means under 
irrigation relative to rainfed conditions. This confirms early 
observations where, although yield improved, high amounts of 
water were lost through unproductive use. Conversely, results 
of WUE show that irrigating based on ASWD resulted in 
high (18.88%) WUE of the intercrop system relative to WIR. 
Similarly, the observed results could be attributed to large 
amount of applied water being lost through unproductive use. 
In this regard, ASWD can be suitable to improve yield of the 
intercrop system. However, to further increase WUE more 
irrigation water management options are required.
RECOMMENDATIONS FOR BEST MANAGEMENT 
PRACTICES
Based on model scenario analyses, the following recommenda-
tions could be made for sorghum–cowpea intercrop system. 
•	 To achieve high and sustainable yields, low potential envi-
ronments similar to Deepdale and Wartburg (low annual 
rainfall) and Richards Bay (deep sandy soils) should plant 
intercrop of sorghum–cowpea around 15 November.
•	 Environments that receive high rainfall and are character-
ised by shallow clay soils like Ukulinga need to plant sor-
ghum–cowpea intercrop system around 15 December. High 
rainfall areas with deep clay soils similar to Umbumbulu 
and Wartburg should plant on 15 October. 
•	 To achieve high WUE, early planting (15 September) and 
late planting (15 January) in low-rainfall and high-rainfall 
areas, respectively, is recommended.
•	 Farmers in environments similar to Deepdale are 
recommended to add 42.5 kg∙ha-1 N since adding high 
quantities fertilizer will not always improve yield and 
WUE.
•	 Fertilizer levels of 85 kg∙ha-1 N are recommended for use in 
high-rainfall environments such as Ukulinga, Richards Bay 
and Wartburg. 
•	 Across all the environments, and where increasing sor-
ghum yield and overall WUE is most desired, the ideal 
plant population of sorghum should be 39 000 plants∙ha-1 in 
combination with 13 000 plants∙ha-1 of cowpea. 
•	 When yields of both crop species are desired increas-
ing cowpea plant population to 19 500 plants∙ha-1 is 
recommended. 
•	 For all the environments, weekly scheduling of irrigation 
based on weekly rainfall amount resulted in high yields. 
However, this also produced low WUE. It can be recom-
mended that, for all environments, using soil water deficit is 
better since yield and WUE were higher relative to weekly 
scheduling of irrigation based on weekly rainfall amount.
•	 To improve yields under irrigation, weather forecast data 
should be made readily available for farmers so as to 
improve irrigation management options and WUE. 
•	 Using a 10-year data period for scenario analyses gave a 
good start point for assessing the impacts of changes in 
management practices in an intercropping system. This is 
not, however, sufficient to reach strong and reliable conclu-
sions (i.e., planting dates). Where available, climate data 
for 30 years or more should be used to assess the effect of 
climate on intercrop management options.
•	 The determination/calculation of planting dates based on 
available data (historical and forecast data) should be rec-
ommended to resource-poor farmers as it is affordable.
CONCLUSIONS 
APSIM was efficient at assessing yield responses for sorghum–
cowpea under different management scenarios for 5 rainfed 
agro-ecologies in KwaZulu-Natal. In addition, the model was 
able to identify best management practices for improved water 
use efficiency for sorghum–cowpea intercrops under rainfed 
TABLE 10
Comparison of simulated sorghum and cowpea yield, water losses, total water used and water use efficiency in response to 



































Umbumbulu 296.3 926.5 298.90 276.16 48.24 25.70 33.60 332.50 383.70 3.18
Ukulinga 384.0 996.6 456.97 392.79 54.32 23.79 7.27 464.25 478.17 2.88
Richards Bay 429.7 1209.3 284.14 244.09 35.39 49.85 36.36 320.50 365.69 4.48
Deepdale 142.8 896.7 567.34 499.90 74.78 26.35 26.04 593.37 627.07 1.65
Wartburg 406.9 1000.0 360.10 330.39 68.34 26.18 50.00 410.10 474.91 2.96
Rainfall
Umbumbulu 315.8 972.8 298.90 332.97 51.35 26.31 109.09 407.99 519.72 2.48
Ukulinga 384.3 996.7 456.97 428.84 54.40 23.72 45.45 502.43 552.41 2.50
R ichards Bay 429.3 1346.7 284.14 316.30 33.94 53.61 95.45 379.59 499.31 3.55
Deepdale 143.7 935.6 567.34 673.60 74.72 27.09 200.97 768.31 976.38 1.10
Wartburg 395.9 1009.3 360.10 371.23 64.94 26.39 64.00 424.10 526.56 2.66
1 Water lost through unproductive ways such as runoff, drainage and soil evaporation
2 Water taken up and transpired by cowpea
3 Water taken up and transpired by sorghum
4 Amount of water used through productive (crop water uptake) and unproductive means (runoff, drainage and soil evaporation)
5 Ratio of yield (kg∙ha-1) or crop output per water used to produce the yield
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conditions. For the environments included in this study, the 
sorghum–cowpea intercrop system was most responsive to 
changes in planting dates and plant populations while moder-
ate changes were observed in response to fertilization and irri-
gation. Overall, the model can be used as a tool to develop best 
management options for increased yield and WUE for inter-
cropping under water-scarce agro-ecologies. To improve the 
assessment of yield response for sorghum–cowpea intercrop to 
N fertilizer, site-specific N recommendations should be used in 
scenario analyses. There is still need to apply APSIM to assess 
the effects of the combinations of these management options on 
yield and WUE for sorghum–cowpea intercrop systems.
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APPENDIX 1 
Rainfall
Rainfall varied across all sites and across months within each 
year (Table A1). In general, high mean rainfall was observed 
at Umbumbulu (900.1 mm) while low rainfall was observed in 
Deepdale with 647.63 mm per year (Table A1). On average, high 
(822.06 mm) but variable rainfall was observed at Ukulinga 
(19.60–98.71) while least variation was observed at Deepdale 
(11.18–37.82). The observed variations for Ukulinga rainfall 
would suggest that the risk of water related crop failures was 
high. On the other hand, rainfall received at Deepdale was 
stable but low, suggesting that if an ideal cropping system was 
adopted, the risk to crop failure would be low and stable yields 
could be observed.
TABLE A1
Comparison of mean rainfall and its variability across different environments (Richards Bay, Umbumbulu, Deepdale, 
Wartburg and Ukulinga)
Month Richards Bay Umbumbulu Deepdale Wartburg Ukulinga
January 102.99 ±93.48* 132.50 ±54.22 98.35 ±35.73 105.00 ±35.89 133.46 ±98.71
February 82.65 ±55.51 76.32 ±46.40 70.41 ±31.86 77.43 ±57.91 87.00 ±55.19
March 83.77 ±46.04 91.67 ±44.11 72.08 ±28.28 83.86 ±34.98 111.36 ±46.06
April 73.79 ±48.28 62.35 ±36.23 50.52 ±31.25 73.85 ±36.23 56.26 ±48.28
May 24.87 ±18.70 21.07 ±19.28 17.03 ±19.80 24.94 ±18.82 23.16 ±19.60
June 50.95 ±70.01 22.49 ±22.41 13.70 ±11.18 46.76 ±67.89 7.43 ±61.76
July 26.87 ±33.27 29.83 ±61.76 14.49 ±24.90 24.62 ±33.77 13.46 ±35.10
August 36.15 ±59.34 35.38 ±35.10 24.77 ±25.03 33.17 ±59.34 10.00 ±50.54
September 57.64 ±43.64 66.41 ±50.54 37.65 ±37.37 52.87 ±43.64 35.63 ±38.48
October 91.56 ±41.37 108.67 ±38.48 64.39 ±22.07 83.96 ±41.37 25.76 ±45.91
November 98.00 ±43.50 133.59 ±43.55 84.70 ±29.32 89.87 ±42.87 95.27 ±43.55
December 81.57 ±33.70 119.85 ±47.54 99.54 ±37.82 74.83 ±7.98 103.27 ±67.87
Mean monthly 67.56 75.01 53.96 64.26 68.55
Mean yearly total 810.81 900.13 647.63 771.16 822.06
*Mean rainfall (mm) for 10-year (2004–2014) simulation. Superscript values correspond to the standard deviations.
